In this work Y 3 Ga 5 O 12 doped with 8.7 mol% Cr 3+ (YGG:Cr) far-red phosphor pellets calcined at 1000, 1200, 1300, and 1400 °C temperatures were synthesized by a simple and low cost sol-gel method. The YGG:Cr pellets were investigated using X-ray diffraction (XRD) and scanning electron microscopy (SEM) and the luminescent properties were studied by measuring diffuse reflection, photoluminescence (PL), PL excitation (PLE) and internal quantum efficiency (QE). The XRD and SEM results have shown that the material becomes more crystalline, uniform and less porous for higher calcination temperatures. XRD results have also shown that the material becomes strained due to the doping with Cr 3+ ions for the calcination temperature of 1400 °C. The diffuse reflection and PLE spectra have shown three absorption and excitation bands in the UV, blue and red spectral regions. PL was characterized by a broad band in the far-red spectral region that peaked at about 711 nm. QE has shown a strong dependence on the calcination temperature. Furthermore, using the previously synthesized YGG:Cr phosphor powder and a commercial blue InGaN LED, a far-red-blue phosphor converted LED (pcLED) lamp was designed and characterized. Blue-far-red pcLEDs could be used in greenhouses in order to meet the photophysiological needs of plants.
Introduction
Plant cultivation in greenhouses with artificial lighting is an important technology since it enables to grow plants during any time of a year at any latitude. It also saves land in densely populated areas by developing vertical farming [1] . Nowadays high pressure sodium, metal halide, fluorescent, and incandescent lamps are mostly used for this application [2, 3] . However, solid-state lighting seems to be more attractive since it can be spectrally matched with the absorption spectra of plant photopigments thus producing less waste light, has a long lifetime, is efficient, robust, mercury-free, and needs a lower voltage supply which is safer [4] . Light emitting diodes (LEDs) also allow achieving higher productivity and nutritional quality of plants due to the fact that the spectral power distribution (SPD) of LEDs can be tailored to optimally meet the physiological needs of plants [3, 5] . It was shown that using LED facilities radish, lettuce, wheat, strawberries, chrysanthemums and other plants were successfully grown [2, [5] [6] [7] [8] .
There are three main photophysiological processes in plants: phototropy which is responsible for the movement of plants, photosynthesis which supplies plants with necessary carbohydrates, and photomorphogenesis which is responsible for the development of plants that require blue (400-500 nm), red (620-680 nm) and far-red (700-760 nm) light, respectively [9] . The blue and red components can be provided by high quality and efficient InGaN and AlGaInP LEDs, respectively. However, AlGaAs LEDs that emit light in the far-red spectral region are sensitive to humidity and temperature variations and for this reason degrade fast in the greenhouse environment [6] . A solution to this problem could be a phosphor converted LED (pcLED) composed of a blue InGaN LED and a far-red phosphor converter. Phosphor for this purpose should be characterized by a broad photoluminescence (PL) band in the far-red spectral region, in order to match the absorption spectrum of the photopigment phytochrome which controls the process of photomorphogenesis in plants [9] . Also it should have a PL excitation (PLE) peak in the blue spectral region in order to be excited by an efficient blue LED. [10] . Phosphor materials satisfying the requirements given above could be gallium garnets doped with trivalent chromium (Cr 3+ ). Cr 3+ has 3 electrons in the d orbital which are not screened so the PL band position and width strongly depend on the crystal field and are described by Tanabe-Sugano diagrams [11, 12] . The gallium atom has a suitable size that creates the right strength crystal field in the lattice so the PL is mostly due to the 4 T 2 → 4 A 2 transition and is characterized by a broad band in the far-red spectral region [12, 13] . PL properties of ceramic and crystalline gallium garnets doped with Cr 3+ were investigated previously [13] [14] [15] [16] . However, in none of this research the values of internal quantum efficiency (QE) are presented which is a very important property of phosphors for LED applications. For this reason, using a simple and low-cost sol-gel method we have previously synthesized and investigated various powder (gadolinium, gadolinium scandium, yttrium and lutetium) gallium garnets calcined at different temperatures and doped with different Cr 3+ concentrations [17] . The results have shown that the most promising material was yttrium gallium garnet Y 3 Ga 5 O 12 :Cr 3+ (YGG:Cr) 8 mol% calcined at 1300 °C temperature. The material was characterized by PLE in the blue spectral region, a broad PL band in the far-red spectral region, and 46% QE.
In this work, YGG:Cr pellets were synthesized by a sol-gel method in order to test whether the pellets exhibit better PL properties than powder. For this reason morphological (X-ray diffraction (XRD), scanning electron microscopy (SEM)) and luminescent properties (PL, PLE, and QE) of YGG:Cr 8.7 mol% phosphor pellets, calcined at the temperatures between 1000 °C and 1400 °C were measured. Furthermore, using the YGG:Cr phosphor powder described in Ref. [17] and a blue InGaN LED, a blue-far-red solid state lamp for greenhouse lighting was designed and its spectral properties such as photon flux and the efficiency of blue-to-far-red light conversion were measured. , Ga 3+ and Cr 3+ with a desired molar ratio were mixed together and the necessary amount of TRIS was added. The gel formation takes around 1 h at 60-75 °C with constant mixing in a covered beaker. TRIS initiates a spontaneous self-combustion process when the gel is completely dried. The obtained very crumbly ash-like powders were heated at 800 °C for 5 h for complete removal of the residues of organic matter. The resulting powders were pressed into pellets that were heated for 10 h at 1000, 1100, 1200, 1300 and 1400 °C with a heating rate of 3 °C/min.
Experimental details

Preparation and characterization of YGG pellets
XRD analysis was performed using a diffractometer (Rigaku MiniFlex II) that was working in the BraggBrentano (θ∕2θ) geometry. The data were collected within the 2θ angle between 10° and 90° at a scan speed of 10°∕min using the CuKα line (λ = 1.54060 Å). The morphology of the samples was characterized using a SEM (Hitachi SU-70).
Diffuse reflection spectra were measured using a spectrometer with an integrating sphere (Perkin Elmer Lambda 950, Spectralon white standard). The spectra were recorded between 200 and 850 nm. The PLE and PL measurements were performed using a fluorescence spectrometer (Perkin Elmer LS55). PLE was measured in the range between 200 and 700 nm while monitoring PL at 711 nm. PL was measured between 600 and 900 nm upon 440 nm excitation. PL QE was measured using an integrating sphere (Sphere Optics, Spectralon white standard) and a spectrometer (Hamamatsu PMA-12). An incandescent lamp and a monochromator set at 440 nm were used for the excitation. Using this method, the PL spectra are measured in three configurations: when the sphere is empty, when the sphere is with the sample inside, but with the excitation light focused to the inner wall of the sphere and when the light is focused to the sample. Using the spectral data, the value of QE is calculated. The detailed explanation of this method is given by J. C. de Mello [18] .
Prototype far-red LED lamp
Since phosphor pellets still cause technological difficulties while designing a light converter, a pcLED based blue-far-red lamp was designed using the farred YGG phosphor powder doped with 8 mol% Cr 3+ and calcined at a 1300 °C temperature that was synthesized by a sol-gel method at the Department of Inorganic Chemistry, Vilnius University [17] .
A commercial lamp case was used as a housing and a Philips Lumileds Rebel Royal Blue (peak wavelength 452 nm) InGaN LED was used for the blue light component. The blue-to-far-red light converter was made of sanitary silicone and YGG:Cr phosphor mixture placed in a polymethylmetacrilate (PMMA) case. The mixture contained 5.7 wt% of phosphor powder and was 1.5 mm thick. The picture of the blue-far-red pcLED lamp prototype and its scheme are shown in Fig. 1(a) and (b) , respectively. the pellet calcined at 1000 °C are largest and in general they become smaller for higher calcination temperatures. This means that the crystallinity of the samples calcined at higher temperatures increases. However, a slight broadening of FWHM is observed for the pellets calcined at 1200 and 1400 °C temperatures which could be caused by strains and microstrains at the crystal unit cell in higher crystalline sample due to the doping with Cr 3+ ions. It is known that when the crystallites are small (usually smaller than ∼1 μm) and/or they are strained, the resultant Bragg peak widths may increase substantially [19] . Table 1 shows the calculated full width at half maximum (FWHM) values for the most intensive XRD diffractograms peaks of sintered pellets. As it is seen in Table 1 , the FWHM values of the peaks corresponding to The morphology of YGG:Cr samples can be evaluated by SEM. Figure 3 shows the SEM images of the YGG:Cr pellets calcined at the temperatures from 1200 to 1400 °C. It is seen in the figure that for higher calcination temperatures the material becomes less porous, more uniform and that the crystallites forming the pellets grow in size for higher calcination temperatures. Figure 4 shows the diffuse reflection spectra of the YGG:Cr pellets calcined at different temperatures. It is seen from the figure that all samples are characterized by a strong absorption in the UV region caused , respectively [12, 13, 20] . However, the figure also shows that the absorption in the pellet calcined at 1000 °C is significantly lower, the edge of the UV reflectivity spectrum is slightly shifted to lower wavelengths, the absorption in the red spectral range is reduced and in the blue spectral range it is almost gone. This can be explained by the fact that 1000 °C temperature is not high enough to completely remove the organic residues and form high quality crystallites, what well coincides with the XRD results above. The PLE spectra of the YGG:Cr pellets are depicted in Fig. 5 . The presented PLE spectra have three bands in the UV, blue and red regions that peak at around 214, 439 and 605 nm, respectively. The excitation in UV and blue spectral regions occurs due to the Figure 5 shows that in general the intensity of PLE increases for higher calcination temperatures with slight fluctuations for the samples calcined at 1100 and 1200 °C temperature and abruptly drops for the pellet calcined at 1400 °C. The PLE intensity increases due to the higher quality of crystallites that are obtained for higher calcination temperatures. However, for very high temperatures the size of crystallites increases thus increasing the reabsorption that reduces the PL intensity of the phosphor. This can be confirmed by the diffuse reflection spectra that show the absorption in the far-red region where PL takes place being higher for the pellet calcined at 1400 °C if compared to other samples. and intensity variation to the spectra of the YGG:Cr phosphor powder investigated before [17] . Fig. 5 . PLE spectra of the YGG:Cr 8.7 mol% phosphor pellets calcined at the temperatures between 1000 and 1400 °C. PLE spectra peak in the UV, blue and red regions at around 214, 439 and 605 nm, respectively. PL was monitored at 711 nm.
Results and discussion
Characterization of YGG pellets
The PL intensity dependence on calcination temperature is presented in Fig. 6 . It is seen in the figure that PL is characterized by a broad band in the farred region caused by the 4 T 2 → 4 A 2 transition that peaks around 711 nm and by a narrow zero phonon R line caused by the 2 E → 4 A 2 transition that peaks at around 693 nm [12, 13] . The tendency of PL intensity is exactly the same as for PLE: the intensity increases for higher calcination temperatures with slight fluctuations and decreases when the temperature reaches 1400 °C. The PL and PLE spectra of the YGG:Cr phosphor pellets are similar in shape The values of internal QE are given in Table 2 . It is seen that the values of QE increase for higher calcination temperature until it reaches 55% for 1300 °C calcination temperature and saturates. This value is even by 9% larger than the QE of the YGG:Cr 3+ 8 mol% phosphor powder [17] . The growth of QE can be explained by the improvement of crystal properties of the crystallites that form the pellets, as it is seen in Fig. 3 , which causes the reduction of non-radiative transitions. However, the growth of the crystallites in size increases the reabsorption, therefore the PL intensity of the pellet calcined at 1400 °C drops as discussed above. Despite that fact that pellets are more efficient than powders, the integration of pellets into the pcLED lamp is still a technological challenge. 
Characterization of pcLED lamp
The spectrum of the designed pcLED lamp is presented in Fig. 7 . It is seen that the SPD consists of two spectral components in the blue and far-red regions, respectively. The ratio of blue to far-red light is 4.7 and it meets the phototropic and photomorphogenetic needs of plants [9] . However, in order to completely meet the photophysiological needs of plants, the designed pcLED lamp should be combined with a red LED lamp radiating in the 620-680 nm spectral region [21] . The properties of the designed blue-tofar-red light converter are given in Table 3 . The photon flux was calculated by integrating the spectrum in the ranges of 400-520 nm and 650-850 nm for blue and far-red light, respectively; the blue LED was driven by 350 mA current. Table 3 shows that the efficiency of the converter is 35%, which is a satisfactory value, since the QE of the YGG powder used was 46% [17] . The designed pcLED lamp is transferred to the Lithuanian Research Centre for Agriculture and Forestry for further research in greenhouses in order to investigate the lamp impact on plant growth.
Conclusions
The XRD patterns of the YGG:Cr phosphor pellets doped with 8.7 mol% of Cr 3+ have shown that the quality of crystallites forming pellets increases with calcination temperature. The broadening of the FWHM values for the pellet calcined at 1400 °C shows that the lattice of the garnet becomes strained due to the Cr 3+ ions. The SEM images of the samples have shown that for higher calcination temperatures material becomes less porous and crystallites grow in size. The diffuse reflection spectra of the pellets show absorption in the UV, blue and red spectral regions; these results agree with the PLE spectra that consist of three bands in the UV, blue and red spectral regions that peak at about 214, 439 and 605 nm, respectively. The intensity of PLE strongly depends on the calcination temperature and is the highest for the pellet calcined at 1300 °C temperature. The PL spectra of the samples are characterized by a broad band in the far-red spectral region and peak at about 711 nm. The PL intensity shows the same behaviour as PLE and is the highest for the pellet calcined at 1300 °C temperature. The PL intensity of the pellet calcined at 1400 °C temperature drops due to increased reabsorption which is seen in the diffuse reflection spectra and is caused by the increased size of the crystallites forming the pellet as SEM images show. QE increases with the calcination temperature of the pellets up to 55% and saturates for the calcination temperatures above 1300 °C. This value is by 9% higher than for the powder samples synthesized before which means that the phosphor pellets surpass powder and they could be exploited in far-red pcLEDs designed for horticultural applications.
The spectrum of the designed pcLED lamp consists of two components in the blue and far-red regions, respectively, with the blue to far-red photon flux ratio 4.7. The efficiency of the blue to far-red light converter made of the YGG:Cr 3+ 8 mol% phosphor powder and sanitary silicone mixture placed in a PMMA case is 35% which is a satisfactory value for the QE of the phosphor powder of 46%. According to the measured data the designed blue-far-red pcLED lamp used with a supplementary red LED lamp could Fig. 7 . The emission spectrum of the blue-far-red pcLED lamp for the plants. The inset shows the same spectrum in a logarithmic scale. The spectrum consists of two components in the blue and far-red regions that can satisfy phototropic and photomorphogenetic needs of plants. 
